A series of ab initio molecular orbital calculations have been carried out on phosphacumulene ylides of the type H3P = C = C = X where X = S, O, CNH, and (OH)2. The variation in the P-C-C bond angle was examined and compared to the experimentally determined structures of analogs. The dominant factor in setting the P-C-C angle was found to be the relative 7r-acceptor capability of the C = X fragment in the plane of the bending motion. Quantitative PMO-arguments were constructed for the X = S, O and (OH)2 cases along this line. It is also shown, that P-C a* character mixes into the highest occupied molecular orbital. The magnitude of this effect is dictated by the amount of bending and this strongly influences the 1 Jp-c nuclear spin coupling constants. Finally, the bending in H3P = C = PH3 was also investigated in a similar manner.
Introduction
Over the past decade there have been many theoretical [1] and experimental [2] studies pertaining to the bonding in alkylidene phosphoranes.
These have concentrated on the nature of the P-C bond and the conformation at the ylide carbon. The former question has often been directed towards the involvement of d orbitals at phosphorus. This has sometimes been reformulated in terms of a resonance hybrid of 1 and 2, the ylide and ylene forms.
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This work is directed towards a beautiful series of phosphacumulene ylides, 3-6, prepared first by [3a], Bestmann and 0340-5087/80/0300-0307/$ 01.00/0 Saalfrank (6) [3 b] and synthetically used by Bestmann and coworkers [3 c] . The ylides here and throughout the paper have been drawn in their ylene form for convenience only. The P-C-C bond angle in these compounds has been shown in the solid state to vary in the following fashion: 3 [4] -168.0°; 4 [5] -145.5°; 5 [6] -134.0°; 6 [7] -125.6°. We have studied the bending in these compounds and the related hexaphenylcarbodiphosphorane (7) by means of ab initio molecular orbital calculations. The solid state structure might well be somewhat different from those in the liquid or gas phases. For example, 7 must have a very low P-C-P bending force constant since in one crystal modification there are two molecular forms. In one molecule the P-C-P angle is 130.1° and 143.8° in the other [8] .
An X-ray determination of another crystal modification [9] gave a P-C-P angle of 134.4° at room temperature and 131.7° at -160 °C. Finally, it was concluded from an electron diffraction study [10 a] of hexamethylcarbodiphosphorane that there was rapid inversion in the molecule giving an average linear structure, and a recent structure of (Ph2MeP)2C has given an even smaller P-C-P angle of 121. 8° [10b] . The situation is probably not too different for 3-6 and there is some NMR information
[11] on 6 consistent with a low barrier of inversion at the ylide carbon. Nonetheless we feel that a diminuation of the P-C-C bond angle on going from 3-6 correctly corresponds to the liquid and gas phases. The reasons behind this will be the focus of our study.
H3P=»C =c=s 8
H, P = C = C = N'
10

HSP=C =PHJ
12 HJP = C = C = 0
9
H,P = C =C r* Model compounds, [8] [9] [10] [11] [12] , were chosen as suitable candidates for this work with geometrical details given in the Appendix. The ab initio molecular orbital calculations were of the STO-3G type [12] .
An analysis of the wave functions in the molecules represented by 13 was carried out by means of a
quantitative perturbational molecular orbital (PMO) method, developed by Whangbo and Wolfe [13] .
Here the molecular orbitals of 13 are expressed by combinations of the orbitals from the HsP=C and C=X fragments. We will build up the orbitals for the H3P=C fragment first and then interact them with those of the C=X fragments. This will allow us to determine a relative sequence of P-C-C bending which depends only on the electronic differences in the C=X fragments.
The H3P=C Fragment
The orbitals of our H3P=C fragment can be derived qualitatively in a simple fashion. Figure 1 shows an orbital interaction diagram of the wellknown orbitals of PH3 [lc, d, e] need not concern us since the H3P=C fragment remains constant throughout our analysis [15] . It will not affect the qualitative details along the series given by 13.
The H3P=C=C=X and H3P=C=PH3 molecules
Our ab initio calculations on 8-11 gave the following optimized P-C-C bond angles: 8 -180°, 9 -180°, 10 -164°, 11 -125°. Thus, our bond angles are all calculated to be too large with the exception of 11 compared to the experimental compounds 3-6.
Increasing the size of the basis set was not considered worthwhile since we have already made rather drastic simplifications in the molecular skeleton and a rigorous geometric search varying the C-C-X angles and P-C, C-C, and C-X distances would have been prohibitively time-consuming. Furthermore, the bending potentials are all rather soft -a situation which is likely to be found in the parent molecules. The total energy rises much more slowly upon bending in 9 than in 8, therefore, the tendency towards linearity goes in the sequence 8>9>10>11 which qualitatively matches that for the series in shows that as the C1-C2 bond becomes stronger, the tendency for the P-C-C angle to become linear is larger. This is turn can be traced to the amount of ^-bonding between the H3P=C and C=X units.
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Fig. 2. Interaction of the H3P = C and C = X fragments in the linear (C3V) geometry.
An orbital interaction diagram for 13 a and 13 b is shown in Figure 2 . On the left side of Figure 2 are the three valence orbitals of the H3P=C unit which were derived in the previous section. The important valence orbitals of a C=X (X = 0, S) fragment are shown on the right side. There is one a orbital (n) and two e sets (inC3v symmetry). We have labeled the latter n and n*. They show the normal polarization for a situation where X is more electronegative than carbon [16] : electron density is concentrated on the more electronegative X in n and the coefficients in n* are much larger on carbon than on X. Now 2ai and n form a strong bonding tween the relative fragment orbitals [13] . The matrix elements and orbital energies after interaction are listed in Table I . A E (2) However, in qualitative terms since nitrogen is less electronegative than oxygen, the energy of 71 and 71* is raised. Furthermore, 71 and n* will be less polarized then previously shown for CO and CS. This makes the C=NH group a worse ^-acceptor and a better .-r-donor. Therefore, the P-C-C bond angle in 5
should be less than that in 3 or 4. Our calculations Energetically 23 is essentially inaccessible as a ^-acceptor w T hile a" is a relatively good 7r-donor (see Table I ). Therefore, the molecule bends strongly in the mirror plane (as in 19) rather than perpendicular to it (20) .
We see that the dominant factor in determining the relative amounts of bending in these molecules is a TT effect -so the fragmentation procedure in 13 Thus, as the P-C-C bond angle in 3-6 decreases, so should !Jp_c. Experimentally [19] which a small P-C-C angle is set by the five membered ring structure. Experimental information [19] indicates x Jp_c to be les than 3 Hz in this system, again in accord with our interpretation.
The R3P=C=RP3 Molecules
The situation for carbodiphosphorane, (12) , is very similar. At the linear geometry 2e in H3P = C interacts with o"* and o" of PH3 -see 31. The resultant, nonbonding HOMO, (32), has an obvious similarity to 18. Our ab initio calculations on 12 gave
r ir* a minimum at a P-C-P angle of 113°. While this is much smaller than that reported for 7 [8, 9] [20] show a varia-tion in the P-N-P angle from 134.6°-180°! Clearly the bond angle is set here by differential intermolecular packing forces. There must be a very soft distortion surface. The Me3Si-N-SiMe3 anion is probably similar. In one structure [21] the Si-N-Si angle was found to be 125.6°. A discussion [18] of the bending in compounds of this type and CNDO/2 calculations [22] have been given elsewhere.
Conclusions and Extentions to Other Classes of Compounds
We have shown that the ordering of the P-C-C bond angles in 3-6 is primarily dependent on the jr-acceptor strength of the C=X fragment. It is interesting to note that extensive theoretical and experimental work [23] on transition metal complexes of the type LnM-C=X has also shown this trend, namely, the jr-acceptor ordering 
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R-N=CR2' would then be analogous to 6 and, of course, is strongly bent. The structures of many of these isothiocyanates and isocyanates have been determined in the gas phase by electron diffraction and microwave spectroscopy. This reinforces our belief that the P-C-C angle in 3 is greater than that of 4 in the gas phase as well. While we have concentrated on the effects of the n levels upon bending, there are also rather profound mixings with a* levels and n levels of the same symmetry. It is in this context that the marked variations of l Jp_c couplings occur. Perhaps more rigorous calculations of 1 t/p_c could be used to predict the P-C-C angles in solution with some confidence.
